‘e WA

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

TECHNICAL NOTE

- No. 1238

APR 3 1947 . -

THE NACA MIXTURE ANALYZER AND ITS APPLICATION TO
MIXTURE -DISTRIBUTION 1\/£E‘ASURE1\/IENT IN FLIGHT

By Harold C. Gerrish, J. Lawrence Meem, Jr.
Marvin D. Scadron, and Anthony Colnar

Aircraft Engine Research Laboratory
Cleveland, Ohio

~EE

Washington :
March 1947 , N AGA LIBRARY .
ANGLEY MEMONIAL ABRONAU'TM o
LABORATORY
Langtyy Fild, ¥




NATTONAL, ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAI. NOTE NO, 1238 ..

THE NACA MIXTURE ANALYZER AND ITS APPLICATION TO
MIXTURE~DISTRIBUTION MEASUREMENT IN FLIGHT

By Harold C. Gerrish, J, Lawrence Meem, dJr.
Marvin D. Scadron, and Anthony Colnar

SUMMARY

The NACA mixture analyzer was developed as a research lnstrument
for the continuous indication of fuel-air ratios of alrcraft-englne
installations throughout the range of englne operation. It has been
evaluated by using i% to measure the mixture distribution of a nine-
cylinder radial alrcraft engline in flight.

The mixture digtribution among the cylinders in flight was
obtained at normal operaeting conditions for the engine at an
altitude of 5000 reet, Some limited data were also obtained at an
altitude of 20,000 feet, Results of these flight tests showed that
the NACA mixture analyzer is a satisfactory and dependable instrument
for continuous Indicatlion of the mixbture in flight at all engine
conditlons regardless of altitude and temperature.

INTRODUCTION

Operation at known fuel-air-ratio values mekes possible the
control of +the Pfuel consumption and power of an alrcraft englne and
consequently the attainment of maximum eccnomy and range. Bscause'
the effective fuel-alr ratio of the engine 1s the-averags of the
fusl-air ratios of sach cylinder, the opersting condition of each
c¢ylinder becomes lmportant. In radlal and ln-line engines the design
of the inteke system may cause some cylinders to recelve a leaner '
charge than other cylinders. When the lean mixture is snriched by
carburetor adjustment, the mixtures in other cylinders are neces-~
sarily enrlched, which increases the fuel consumption and reduces
the range of the aircraft. When a cylinder operates at high powers
and lean mixtures, detonation may occur, resulting in power loss and
possible engline fallure, Operation of the engine in flight for beast
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performance, that ig, for maximum power, maximum sconomy, and maximum
safety, requires exact knowledge and control of the mixture strength
or fuel-alr ratio of the mixture in the engline cylinders at ell times.

Among the methods that have been used for determining the mixture
strength of an aircraft engine are: (1) chemical analysis of the
exhaust gas in flight or collection.of exhaust-gas samples and anal-
yeig after flight and (2) continuous exhaust-gas analysis in flight
by commercially developed instruments of the thermal-conductivity
and catalytic-combustion types. :

Collection of the normal exhaust gas to be analyzed later in
the laboratory is unsatisfactory because it does notglve an immedilate
value and because each complets analysls requlires several hours and
oxpensive fragile equipment. Thie method, which was used In refer-
ence 1 in the study of mixture dlstridution In a single-row radial
engine, ls sultable princlpally as a check on other methods to be
dlscussed, . . . .

Numerous investigations of the mixture dlstribution iIn multi-
cylinder &ngines have been made by the NACA using oxlidized exhaus?t
gas, as proposed in reference 2. This method involves the oxidation
of normel exheust gas and chemical enalyegis of the resultant carbon-
dloxide content of the gas. The fuel-alr ratio l1s readily obtained
from a graph correlating carbon-dloxide percentage with fuel-air
ratio or from & simple stoichiometric equation. The method 1s quick
and satigfactory for laboratory investigations but in £light the
varying amblent pressures make difficult the determination of the
carbon-dioxide content of the exhaust gas. Thie problem has been
satisfactorily overcome by incorporating the method proposed in
reference 2 into a continuous-indicating mixture analyzer of*- the
thermel-conductivity type.

Mixture analyzers of the thermal-conductivity type have been
previously developed for determining the over-all mixture strength
of engines during flight but their operation is dependent upon the
amount of hydrogen present, which conf'ines the range to mixtures
richer than the chemically correct mixture (one with neither exceas
fuel nor air), When used.on mixtures leaner than the chemically
correct mixture, these Instruments reverse their direction of
indication and indicate a richer mixture. Reference 3 discusses
the characteristics of such oxhaust-gas analyzers. :

The catalytic-cambustion type instrument (reference 4) has a
gserious limitation in that -the platinum filament is affected by
leaded fuels and the calibration changee with changes in engine
operating conditions (speed and power).
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In considéeration of the limltatlions of the different methods and
instruments, the NACA developed a mixture analyzer of the thermal-
conductivity type that gives a correct indication of fuel-alr ratio
over the entire’range of engine_operatlon regardless of altitude,
_temperature, and fuel. An investigation of the accuracy and
dependebility of the mixture analyzer as a £12 ght instrument,
covering a range of normal operating conditions of an aircraft
engine (60~-percent cruige, 70-perceant cruise, and rated power) at
various altltudes, was conducted at the NACA Cleveland laboratory
and the data are presentod herein.

NACA MIXTURE ANALYZER

The NACA mixbture analyzer (fig. 1) wae primarily designed to
indicate the mixture strength or fuel-air ratio of alrcraft power
plants. in flight but can bé used in. the laboratory or in the field.
The complete 1ngtriument consists of the,analyzer and the indicator
. electrically interconnected with a multiconductor cable, The
indicator is scaled for fuel-air ratios from-0,03 to 0,125. The
instrument operates on the nominal 24-volt direct-current system

used in aircraft and is calibrated at 27 il—-volts as best repre-

senting the actual volbage of aircraft The average operating current
is 3.5 amperes, -2lthough a maximum current of 6. amperes ls drawn
intermittently when the electric heaters operate. A short time lag
(less than 1 min) eximts between-change in mixbure strength and
final meter indication,: The indlcations of the analyzer are not
critically dependent upon the. hydrogen-carbon ratio of the fuel.

For instance, at mixtures that yleld meximum engine power, a change
in the hydrogen—carbon ratio of. the fuel from 0.188 to 0.160 (normal
" range for aviation fuels) results in’a change in the fuel-air ratio
from 0.080 to 0.076., The instrument is calibrated for a fuel. having
a hydrogen-carbon ratio of. 0,173, ‘#hich best represents fuels used
in aircraft. The gas circuit-and the arrangement of components of
the instrument-are shown’ diagrammatlcally *n figure 2.

The operation of;the instrumont.is bassad on the fact that the
total carbon content of the exheust gas 1s essentially proportional
to the fuel-air ratio of the incoming charge in an internal-combustion,
Jet, or Diesel-engine (reference 2).. The products of cowbustion
that mey be present in the normal exhsust gas ars carbon monoxide,
carbon dioxide, salurated and unsaturated hydrocarbons, hydrogen,
oxygen, nitrogen, and water. If these products are mixed with an
excess of air. and- then oxidized, the resulting products are carbon
dioxids, water, and air (oxygen and nitrogen) and the amount of B
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carbon dioxide is proportional to the fuel-alr ratis, --In ‘the NACA

" mixture analyzer, desiccated exhaust gas and-desiccated alr, both

at the sawe pregsure, are mixed in equal ‘Yolime by a proportioning

" pump and then'nassed over an incandescent khester to permit oxidation.
The water of combustion %8 removed and the emount of carbon dioxide
1s then determined by a thermal-conductivity bridge.

The thermel-tonductivity bridge consists of four similar cells
in a magslve metal block that is maintained at constant temperature
by an electric heater and thermostat. ~FEach cell contains a
platinum filanent and the four filaments are connected in a
Wheatstone bridge- circuit supplied with constent current through a
current-regulating tube. The current-through each filament raises
its temperaturc by an amount that is determined principally by the
thermal conductivity of the geas between the filament and the wall
of the’'cell. Two of“the cells, whose filaments are in dlagonally
opposite sides’ of the Whoatstone bridge, are-enalysis cells, exposoed
to the .oxldized and drled exhaust gas. The other two cells are
reference cells, connected in series wilth the intake to the propor~
tioning pump. Thus, the two reference cells contain only dry alr,
whereas the two analysis cells contaln dry ailr plus an amount of
‘carbon dioxido proportional to the fuel-air ratlo, Because the
theimal conductivity of carbon dioxide 18 less than that of alr, the
analysis filamnents agsume a highor temperature than the roference
fillaments. Inasmuch &8 tho platimumm filaments have & high tempera-
" ture coefficient’ of resistance, an electrical unbalance of ~the
Wheatstone bridge is praduced, This unbalence operatos the indicator
from which fuel-air ratio can be read. directly. The eloctrical zero
of. the' instrument may be set by operating a solenpid valve to shut off
the exhaust-gas supoly to’ the proportioning pump, allowing dry alir
to pass through all four cells of the bridge. A swltch and a rheostat
in the bridge circul® arg provided for zero adjustument.

. In order that the temperature of the cell filaments will be
determined solely by the thermsl conductivity of the surrounding gas,
1t Is necessary that flow past the filaments be negiigible. This
minimum flow is accomplished through the design of the cell block,
which provides for delivery of gas to the cells essentially by
diffusion. . _

The mixture enalyzer was checked Ffor accuracy of indication by
paasing throuzh it a synthetic mixture of known composition of carbon
dioxide, methare, and air. Another method: used to check the accuracy
of indication was to extract a mample of the gas discharged from the

alyzer and measure its carbon-dioxide content with an Qrsat
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analyzer. The following table, determined experimentally, shows the
relation of carbon dioxide to fueT-alr ratlo:

Carbon-dioxide in Mixture strength
gas discharged from (fuel-air ratio)
analyzer _
(percent) : -
2.1 0.02 . : e
4,2 04
B.3 .06
8.5 ' .08
10,7 ' .10
12,9 .12

Servicing the instrument requires only the periodic changing of
the desiccators in front of the analyzer after each 30 hours operation.
The degree of deterioration of the desiccators is shown by wetting
of the desiccant on the trensmarent plastic holder. (The desiccant
chogen should be one that does not absorb carbon dioxide.)

FLIGIT INSTRUMENTATION AND METHODS
Installation

The mlxbture analyzer was teated by using 1t to measure the
mixture distribution of & nine-~cylinde:r englne in flizht. The englne
has e normal rating of 1000 brake horsepower at an engine speed of
230C rpm and a btake-off rating of 1200 brake horsepcwer at 2500 rpm.
It has a single~stage, two-speed supercharger and an 1ndection-uype
carburstor, waich is standard for the engine.

The fuel used for the entire program was a blend of aviation
gasoline that complied with the minimum reqpirements of specification
AN-F-28. The hydrogen-carbon ratio of the fuel was 0,173, as )
determined in thie laboratory by the combustion method.

The NACA mixture analyzer was so located In the right wheel
woll immediately behind the engine that the short gas-sampling tubes
winimized the time lag between change in mixture sitrength and final
meter indication. Stainless-steel sampling tubes 1/4-inch in out-
8ide diameter were welded into the center of each exhasust stack

within l% inches of the exhaust valve, Samples of the exhasust gas

from the tail pipe were obtalned with a similar ‘tube laocated in the
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centexr of the tall pipe about 36 inches from the exit of the cases
to the atmosphere. A dlagrawmatic sketch of the exliausti-gas sampling
systen used for the flight tests 1s ghown In figure 3..

Fethods of Analysis

The thiee methods used 1o determine the fuel-air ratio of the
nixture in each cylinder and tail pipe are designated (1) the Orsat
mwethod, (2) the laboratory method, and (3).the analyzer method.

The filrst two methods were used to check the thi»d., In methods
(1) and (3) the analyses were performed in‘flight; in wethod (2)
parmles were collected in f£light and the.aneslyeis was performed in
the laborasory. :

The COrsat method, as described in refarence 2, conslats in
passing the normal exhaust gas througk 2 tube containing copper oxide
heated to a temperature of 1200° to 1400% F in waich the carbon-
containing pases are oxidized to carbon dioxide. In the setup used
in the present investigation, the copper-oxide tube was lacated in
the tail pipe to sliiminate the fire hazard.” At low engine power,
the temperature of +the copper oxide was too low to oxidize the gases
end therefore pard of the heat-adéed to the .copper oxide was eleotri~
cally obtained. Because an Orgat analysig raqulres considerablo time,
only the gas in the tall pilpe was analyzed. The fuel-air ratio was
obtained from tie carbon-dioxide content of the oxidized exhaust
gas (reference 2). Three (rsat anelyzers wore used to lessen the
roeslibility of error caused by broaxdown of any one of them during
flight.

The laboratory method consiste in ccllecting normal exhaust-
ges samples In nipottes during flight and analyzing these samples
in the laboratory. The analysis was made by oxidizing a norzal
exhaust-gas samplo in tlhe combustion pineotie of an Orsat apraratus
developoed by tho Mational Budeau of Standards (referenco 5) and by
determining the fuel-alr ratic fram the carbon-dioxide content af'ter
oxidation (reference 2). Alr was used in the oxidizing procedure.

The analyzer method consists in passiné the normel extaust
gas during flight into the NACA mixture analyzer ani reading the
fuel-air ratio directly from the indicator,

The Orgat method was so used during flight that the oxidized gas
from the electric. oxidlzing furnace in the tall plpe passed through
a water trap, then through a calcium~chlcride desiccator, and finally
to the three Orsats., The laboratory method was used to sample gas
from the exhaust stack of each cylinder and the tall pipe. The
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exhaust-gas samples were.collected in glass sampling pipettes, each
approximately 300 cubic centimeters in volume. Twenty of these
plyettes were 30 lscated in a rack that during any flight two
samples of the gas from each cylinder and also -two from the tail pipe
could be obtained., The analyzer method was used on each exnaust
stack; a water trap and a calcium-chloride Jesiccator were utilized
to remove excess wabter from the gas before 1t entered the NACA
mixture analyzor,. Because only one mixturs analyzsr was used, the
flow of exhaust gas from each cylinder was swltched to the analyzer
by electrically operated wvalves in the sampling lines. Figure 3
shows the system used. S

Instrurents indicating engine speed, manifold pressure, altitude,
Tuel-glr ratio, and oxidizing furnace conditions were mounted on a
panel (fig. 4) and the data were obtained by photographing this panel.
The panel installed in-the airplane, the three Orsat analyzers, and
the sampling pipottes are showvm in figurs 5.

The analyses were nale over a range of engine speedis, menifold
preossures, and mixbture settings (manual léanl sett ing is below
automatic lean) at altitudes of 5000 and 20,000 feet as shown 1n the
following table: :

TEST-ENGINE FLIGHET CPERATING CONDITIONS

Test cerles Engine Menifold Mixture Altitude
speed . pressure setting (£8) L
(rpm)  (in. Hg o o
absolute)
1 1300 26 Full rich 5,000
80-percent Auto, rich
normal . . . Auto. lean
crulsging power Manvel lean
2 2000 32 Full rich 5,000
70-percent Auto, rich
" normal . Aubo, lean
crulsing power Manuel lesn
3 2300 37 Full rich - - 5,000
Rated =»ower ) : Auto. rich
Auto. lean
4 2000 29.5 Auto., rich . 20,000
70-percent Auto. lean
normal

cruising power

-l
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The conditlons at which the engine was qperated are -the ones most
frequently used in the operation of the englne during orulso and

rated-power. No test data were Taken untll the engine conditions
had become stebilized, which generally required about, 5 minutes.

A complete test run rsquired approximately ll minutes.

RESULTS AND DISCUSSION

A correlation of data obtained by the (Qrsat method in flight
and thdat obtained by the laboratory method ls shown in figure 6; the
correlation of the data obtained by the laboratory method and by
the. NACA mixture analyzer method is shown in figure 7. The oengine
data were cbtained at various speeds, manifold pressures, and
altitudes. The average error in fuel-alr ratio was found to be 0.0CL.
Comparison of all three methods was considered necessary becauss the
Orsat method is considered a standard test method of obtalining onglne
mixture data., A greater amount of data appears in figure 7 than in
flgure 6 because for each run there are 10 readings by—the laboratory
method, 9 by the analyZer method, and 1 by the Orsat method.

Comparison of the three methods of obtalning engine mixture
data in flight 1s presented in figure 8. On the average the difference
between the analyzer reading and the laboratory or Orsat readlng is
no greater than the difference between the laboratory and Orsat
readings. Consequently, the NACA mixture analyzer may be congidered
a satisfactory instrurent for continuous indication of fuel-air ratio
of an engino in flight, The analyzer required merely an occaslonal
bridge zero adjustment and took less than 1 mlnute to reach correct
mixture indication. The Orsat method reguired considerably more tiwme,
space, and effort to arrive at the fuel-air ratio,

The mixture-distribution patterns obtained with the NACA analyzer

sure altitude, and power, as determined by engine speedmand manifold
pressure, It will be noted that all these.factors have a bearing on

the distribution of the mixture among the cylinders.

SUMMARY OF RESULTS.

A flight investigation using the NACA mixture analyzexr to
indicate the mixture strength or fuel-air ratio of the power plant
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showed that the instrument is reliable over the entlire range of
engine operation, regardleas of altitude and temperature.

Aircraft Engine Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, September 19, 1946.
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Fuel-air ratio, laboratory method
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Figure 9. - Mixture distribution of nine-cylinder engine in flight

obtained with NACA mixzture analyzer.
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Figure 9. - Continued.. Mixture distribution of nine-cylinder engine
in flight obteined with NACA mixiure analyzer.
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Pigure 9. - Continued. Mixture distribution of nine-cylinder engine
in flight obtained with NACA mixture analyzer.
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Figure 9. - Concluded. Mixture distribution of nine-~cylinder engine

in flight obtained with NACA mixture analyzer.



